AINFUL conditions of the aging spine include degenerative disc disease, facet arthropathy, central and foraminal stenosis, and spondylolisthesis. There is significant clinical interest in developing technologies that would alleviate pain while maintaining the spine's natural biomechanics and not resorting to fusion. A novel percutaneous PDS device has been developed by Triage Medical, Inc. that is delivered bilaterally into the superior articular facet of the inferior VB for treating a given spinal motion segment. This device then acts as a mechanical stop between the articulating facets and theoretically should limit extension and thus compression of the central canal, the spinal foramen, and the posterior disc.
the actuator. A 500-lb tension/compression load-cell (Honeywell Sensotec-Lebow) was mounted on a hinge joint at the end of the piston to measure loads applied to the spine directly. Thus, the applied force and calculated angular rotation provided a real-time calculation of applied torque. A 100-N compressive load and bending moments were applied to Ϯ7.5 Nm for each direction, and each test involved five cycles.
For axial torsion, a 100-N compressive load was also applied to the spine. Each spine was tested between -7.5 and ϩ7.5 Nm of torsion for five cycles. For all tests, mechanical data for displacement (in millimeters), force (in Newtons), angle (in degrees), and torque (in Newton millimeters) were sampled at 20 Hz for the duration of each test. The first three cycles served to precondition the specimen, whereas data analysis occurred over the final two cycles. Stiffness (Newton millimeters/degree) was calculated between 0.5 and 7.5 Nm for each spine. Additional data were collected for the intact spines. For noncontact motion measurement, a set of four markers was attached to each VB. The motions of these markers were captured with four 60-Hz infrared cameras and the QTrack motion capture system (Qualisys). Primary rotation and out-of-plane rotations for segments L3-4 (second instrumented motion segment) were reported. After the first stage of mechanical testing, a secondary set of tests was conducted to allow for fluoroscopic analysis. Spines were aligned in a neutral position and then loaded to Ϯ7.5 Nm in flexion and extension. Image-intensified fluoroscopic images were then acquired at each position. Following flexion and extension testing, each spine was then aligned within the test frame for fluoroscopic analysis during axial compression. Image-intensified fluoroscopic images were obtained when each spine was axially loaded at 0 and 700 N. Measurements of posterior disc height (in millimeters) and spinal foramen area (in square millimeters) were calculated from each image (Fig. 2) .
After intact testing, the dynamic stabilization devices were implanted using image-intensified fluoroscopy according to the manufacturer's recommendations (Fig. 3 ). Identical mechanical testing was then repeated for the spines after instrumentation was affixed. Data for overall stiffness, motion between L-3 and L-4, posterior disc height, and spinal foramen area were compared between intact and instrumented spines with a one-way analysis of variance (statistical significance was set at p Ͻ 0.05). Values are given as the mean Ϯ SD.
Results

Overall Stiffness
As shown in Table 1 , in extension, the instrumented spine (L2-5, 1155 Ϯ 253 Nmm/˚) was slightly less stiff than the intact spine (1363 Ϯ 143 Nmm/˚). The overall flexion stiffness of the instrumented spine (681 Ϯ 84 Nmm/˚) was found to be statistically greater (p = 0.02) than for the intact one (486 Ϯ 101 Nmm/˚). There were no other significant differences reported between the intact and instrumented spines. In left-bending stiffness, the instrumented spine (867 Ϯ 374 Nmm/˚) was slightly stiffer than the intact one (764 Ϯ 384 Nmm/˚). This trend was also true for right lateral bending, with the instrumented spine (734 Ϯ 98 Nmm/˚) slightly stiffer than the intact one (696 Ϯ 138 Nmm/˚). In axial torsion, there were no differences between left and right directions for each test condition, so these data were pooled prior to analysis. The instrumented spines (761 Ϯ 111 Nmm/˚) again were slightly stiffer than the intact ones (729 Ϯ 125 Nmm/˚) in axial torsion.
Relative VB Motion
Magnitudes of rotation between the L-3 and L-4 VBs were calculated from the neutral position. As shown in Table 2 , the instrumented group was found to have a sig-S. Palmer, A. Mahar, and R. Oka nificantly lower amount of extension rotation (1.0 Ϯ 0.3˚) compared with the intact state (1.9 Ϯ 0.8˚) (p = 0.04). The instrumented group was also found to have a significantly lower amount of flexion (1.1 Ϯ 0.3˚) compared with the intact group (3.1 Ϯ 1.2˚) (p = 0.01). There were no significant differences for the remaining comparisons. For leftward bending, the instrumented group had a slightly lower ROM (2.3 Ϯ 0.9˚) compared with the intact group (2.7 Ϯ 1.5˚). The overall magnitudes of rightward bending were slightly lower, with the instrumented group (1.6 Ϯ 0.5˚) again demonstrating slightly lower magnitudes of rotation (2.1 Ϯ 0.7˚). Finally, the reported results for axial torsion very similar between instrumented (4.2 Ϯ 0.9˚) and intact (4.4 Ϯ 1.1˚) groups. Table 3 shows the results of extension and flexion testing. Across all specimens there was a 22% greater posterior disc height for the instrumented compared with the intact group during extension testing. Also, the foraminal area was 36% larger during extension for the instrumented group. During flexion testing, the instrumented spines demonstrated minor increases in posterior disc height (3%) and foraminal area (9%), indicating little influence on normal in vitro biomechanics. Due to the great variability of natural disc heights and foraminal area between specimens, the data recorded for intact and instrumented spines were not statistically different. However, the relative change in each specimen was significantly different between the intact and instrumented states.
Fluoroscopic Analysis
To determine the significance between intact and instrumented specimens, the relative change in posterior disc height and foraminal area from the neutral to the extension position was analyzed ( Table 4 ). The change in posterior disc height was measured at 0.64 mm for the intact state, which was statistically greater (p = 0.002) than that of the instrumented state (0.1 mm). The instrumented spines consistently displayed less motion when moving from a neutral position into extension, and averaged approximately 84% maintenance of posterior disc height across specimens. The reduction (change) in foraminal area when moving from neutral to extension was also found to be significantly different (p = 0.02) between the intact and instrumented states. The change in foraminal area for the intact state (53.2 mm Minimally invasive extension-limiting device for the lumbar spine 3 nance of foraminal area) from neutral to extension for the instrumented compared with the intact spines. Viewed conversely, the instrumented spines resulted in a decrease in foraminal area of only 44% of that seen in the intact specimens during extension.
One interesting comparison in the data is the measurement of posterior disc height at the neutral position for the intact spines and during extension for the instrumented spines. As can be seen in Table 5 , there is no significant difference between the two data groups (p = 0.755). This demonstrates the ability of the devices not only to decompress the posterior disc initially, but also to maintain the disc height during extension to a degree that, in most cases, is greater than the initial posterior disc height at the neutral position.
For fluoroscopic measurements taken during axial compression, the instrumented group demonstrated an increase in posterior disc height of approximately 10% when no load (0 N) was applied (Table 6 ). Thus, an initial posterior decompression of the motion segment can be achieved simply by implanting the device. When axially loaded to 700 N, the instrumented group had 26% greater posterior disc height than the intact group, confirming the device's utility as a mechanical block between superior and inferior VBs. Although there were no statistically significant differences found across all specimens due to the relatively high variability of natural disc heights among spines, there is an apparent trend in the data showing the difference between the intact and instrumented groups. However, when measuring the relative change in posterior disc height of each specimen when loaded to 700 N, there were significant differences (p = 0.004) found between the intact and instrumented groups. That is, the instrumented spines displayed almost 70% less posterior disc compression compared with the intact spines when loaded to 700 N.
Discussion
The degenerating lumbar spine is a source of pain for many individuals. The pain generator can be the disc itself or spondylitic changes in the facet joints. The PDS devices have been designed to address both these mechanisms of pain. There have been two general types of devices: the first is a pedicle-based system such as Dynesys or Isobar; and the second includes interspinous process--based systems such as the DIAM, X STOP, and Wallis.
1,2,4,5,7,8 Our biomechanical testing has shown that the percutaneous PDS system is most similar to the interspinous process-based systems, although it is based on the facet and pars interarticularis. 3 The interspinous process spacers have several benefits, but they also have some limitations. Because of anatomical considerations regarding the S-1 spinous process, these implants are not suitable, nor currently recommended, for use at L5-S1. Additionally, even though they are touted as "minimally invasive," all interspinous process spacers currently require a 40-to 50-mm incision.
Similar to extension-limiting spacers, Triage Medical's PDS system has been designed to treat the pain caused by degenerative disc disease and spondylosis by stabilizing the lumbar spine without a fusion procedure. Specifically, the PDS system has been designed to prevent extension motion by providing support to the articulating facets. The PDS system is surgically implanted using Triage Medical's proprietary instrumentation. The PDS screws are inserted posteriorly at the base of the superior articular facet, through the pars, and into the pedicles. A countersink is used to remove a small portion of the superior articular facet and the pars interarticularis for the polymeric "bumper" to rest in. The bumpers are advanced, ratcheted over the screws, and wedged between the inferior articular facet of the superior VB and the superior articular facet of the inferior VB. Once the devices are placed bilaterally, the bumpers now act as a stop to prevent extension motion of the facets. The elastic modulus of the material used for the polymeric bumpers is less than that of bone, and it serves to cushion the facets and to relieve stress. Unlike other extension-limiting devices, which require a 40-to 50-mm midline incision, the PDS system can be surgically inserted bilaterally through two 15-mm incisions, followed by use of minimally invasive access ports that dilate tissues instead of cutting them. In addition, the PDS system can be used to treat the L5-S1 level, which the interspinous process spacers cannot currently do.
Data from the current study demonstrated similar trends to those reported previously for another dynamic stabilization system, the X STOP. 1 In that study, an interspinous implant was found to reduce flexion and extension motion by 62%, but there was no effect on lateral bending or axial torsion motion at the instrumented level. The PDS device reduced extension motion by 49%, which was noticeably less than the X STOP, which showed a 62% reduction in motion during extension. 3 Unlike the X STOP, in which the center of rotation for extension motion is at the spinous process, the center of rotation for the Triage device is at a more natural location, at the base of the facets where the implants are placed. Thus, the Triage devices may allow a more natural ROM while still preventing posterior disc and foraminal compression, thus reducing the probability of stenosis. This may contribute to the smaller degree of reduction in extension ROM for the Triage device compared with the X STOP. Furthermore, the ROM for the specimen as a whole (L2-5) showed little or no difference between instrumented and intact states. This indicates that although the Triage device prevents motion at the instrumented level, it still allows for natural ROM in the specimen as a whole.
The findings in the current study also support the idea that the stenotic segment is placed in slight flexion by the implant, because the insertion of the device resulted in an approximately 10% increase in posterior disc height when no load was applied to the spine. This initial decompression and the principle of placing the stenotic segment in slight flexion may provide some pain relief associated with simply enlarging the central spinal canal and spinal foramen. Compared with the X STOP, which displayed a 60% reduction in flexion ROM, the Triage device shows very similar results, with 62% reduction in flexion ROM. Like the X STOP, lateral bending and axial torsion show little or no difference between intact spines and those treated with the Triage device. Therefore, when the Triage devices were implanted, the specimens were all placed into some degree of flexion (as evidenced by the initial decompression of ~10%). For normal spines, putting the specimens in flexion causes tightening of the posterior longitudinal and supraspinous ligaments, resulting in a decrease in ROM during flexion at the instrumented level and an increase in flexion stiffness in the specimen as a whole, which can be seen during testing. In clinical use for spinal stenosis, the devices would be implanted to restore the natural anatomy and kinematics to the treated spine, and probably yield little or no net reduction in flexion motion compared with normal spines.
Pain associated with activities of daily living may also be reduced by limiting potential bulging of the disc or closure of the spinal foramen during extension. 6 The fluoroscopic data demonstrated that the device maintained a significantly greater posterior disc height compared with the intact state when loaded from neutral to extension. Patients could experience a benefit from the increased foraminal area and maintenance of posterior disc height during flexion and extension motions and during axial compression. During flexion testing, the device appeared to have little effect on posterior disc height (~3%). However, during tests in extension, spines treated with the device retained approximately 22% greater posterior disc height and a nearly 36% larger area of the spinal foramen. Differences between intact and instrumented states were further confirmed when analyzing data only from neutral into extension positions. Spines in the instrumented state had a significantly lower posterior disc height change (~84% less) and much lower magnitude of reduction in foraminal area (~56% less), both of which results may yield clinical benefit. During axial compression to 700 N, the posterior disc retained 26% greater height across all specimens. The relative change in posterior disc height during axial loading was reduced by 70% in the instrumented spines. This reduction in motion in the posterior disc and foramen may also yield clinical benefits.
Conclusions
The Triage dynamic stabilization device significantly maintains posterior disc height and foraminal area during extension by limiting the extension motion of the facet joints. The device also stiffens the lumbar spine (L2-5) in flexion and restricts flexion and extension segmental motion without significantly altering motion in lateral bending or axial torsion at the instrumented level. The device performed as intended as a mechanical stop between the articulating facets, limiting extension and therefore limiting compression of the central canal, spinal foramen, and posterior disc. Based on that information,
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